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Abstract

ucleation and growth in a conventional, unstirred
casting are briefly reviewed and then compared with
the probable sitwation in rheo<ast samples.
Emphasis is placed on factors which determine the
final grain size within a casting, with particular attention to
possible mechanisms of grain multiplication as the
microstructure evolves. It is suggested that much of the
refinement of the microstructures in rheocastings, may be
caused by temperature fluctuations, induced by liquid stircing
patterns, rather than by purely mechanical interactions.
Metallic dendrites cannot be “broken up” by stirring, but can
only be bent elastically or plastically.

1. Introduction

There is already a very extensive literature in this held,
starting (and continuing) with the earlier papers by Flemings,
Mehrabian and coworkers and including some excellent
comprehensive reviews (eg. 1-2). The present contribution is
solely concerned with the principles involved in grain
evolution and the purpose will be to consider mechanisms of
nucleation and crystal multiplication as these may affect the
final equiaxed grain size in a casting. It is necessary first, to
identify possible sources of nucleation and subsequently to
consider how these may be influenced by stirring action,
mechanical or hydro-magnetic. The approach will be to take
what 15 known about more conventional castings and to see
how matters might be modified by the conditions which
operate during the production of a rheo-casting. It seems
timely to do this before the modelling community meddle.
It must be accepted that all nucleation will be heteroge-
neous, at refatively smail undercoolings, and to distinguish
between clean melts and those to which substrates have been
deliberately introduced as grain refiners. In the latter case, the
nucleation sites are identifiable (although the source of
substrate potency may be obscure), while in the former case,

nucleation must occur on mould walls or during pouring and
gating operations. With subsequent growth, there is then the
possibility that crystals may multiply, as by fragmentation of
dendrites, whether by ripening, or by mechanical deforma-
tion from fluid flow or direct collision. It is important to
remark that in metallic systems, close to the melting point,
the solid is entirely ductile and dendrites can be bent elasti-
cally or plastically, but not fractured. However a plastically
deformed dendrite must develop into more than one grain,
so that this would, in effect, be a mechanism of crystal multi-
plication.

In the following we consider, in section 2 nucleation and
multiplication in conventional castings, and in section 3,
possible extension to rheocastings. A brief summary follows
in section 4.

2. Nucleation and crystal
multiplication

2a. Using grain refiners

This is 2 normal and necessary application in aluminium base
castings, using Al-Ti-B combinations (eg. 3). Exacty which
substrate surface nucleates aluminium need not concern us
here, although it seems probable that nucleation is promoted
by a layer of AlsTi on a finely dispersed substrate of TiB;
(eg. 4, 5). It appears that in unstirred DC castings, such
additions can produce a minimum grain size around 100um,
i.e.= 102 grains m?. The reason for there being a maximum
attainable grain density, i.e. number of successful nucleation
events, can be understood by considering the initial form
of a cooling curve, attending recalescence, Fig. 1 (6). At a
given cooling rate, as the temperature falls below the
liguidus temperature, the nucleation rate rises exponentially.
Simultaneously, with cooling, growth beings on each previ-
ously nucleated family of substrate particles and the evolution
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Figure 1: Tvpical cooling curve showing nucleation rate, N, and
toal aumber of nucleation events, N6V, during recalescence
interval (6).
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Figure 2: Plot of number of grains, N®¥, vs. number of
dispersed substrate particles, NPV, for three cooling rates, P, in
Ks!, assuming one possible nucleation event per particle (6).
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Figure 3: A phase diagram for which small particles of solid C,
are initially dispersed in a large volume of liquid, Co, at To.
Melting without composition change occurs at Tui, where the
solid is in equilibrium with liquid of composition Cp (8).

of latent heat retards the cooling until a minimum tempera-
wure is reached, thereafter the temperature rises again to
some ambient growth temperature — this is recalescence. The
nucleation rate per unit area of available substate reaches a
maximum at the minimum temperature and then falls effec-
tively to zero as the temperature rises, Fig. 1. By the time that
recalescence is complete, all nucleation has ceased and the
initial/final grain density is predetermined. Any residue of
substrate particles which were not involved in this bref
interval will remain inactive within the final structure.
Therefore, depending upon the magnitude of the maximum
undercooling and the duration of the recalescence interval,
which are determined by growth kinetics, there must always
be a maximum useful addition of grain refiner beyond which
there is nothing to be gained. Fig. 2 illustrates this effect for
three cooling rates in a given hypothetical system, in which
there is a given solute undercooling and growth rate, control-
ling the minimum temperature attained during recalescence.
The plot in Fig. 2 is of number of events (grains), N&Y, vs.
number of substrate particles, NV, and assumes a single
possible nucleation event per particle. The useful, attainable
limit at any cooling rate is where the values of N6/ flatten out.
It may be anticipated that this principle will operate in any
system and in any type of casting operation, but see later,
section 3a.

2b. Clean melts

Assuming that melts are “clean” in the sense that they contain
no foreign particles which have the potency to nucleate
crystals at small undercoolings, nucleation must be confined
to mould surfaces, including those of pouring and gating
arrangements and of free liquid surfaces (also including
bubbles).

With very small superheats, we know that this results in
what Chalmers called "big bang" nucleation (7). It is not
immediately clear that there is any crystal multiplication
involved in this process, but many crystals nucleate on chilled
surfaces from which they are swept off into the melt. Whether
they are swept off entirely as individual single crystals or as
multiple dendritic fragments is an open question; the time
frame is very small.

At larger superheats, there are the familiar chill,
columnar and equiaxed zones. In a “clean” melt, unless any
earlier fragments survived, the equiaxed grains can originate
only from within the developing columnar region. It will be
necessary to consider how dendrites can fragment within this
mushy region and also, how such fragments can escape into
open liquid, possibly to survive and grow into equiaxed
crystals. Before this, some remarks are appropriate about the
probability that particles will survive in a hostile environment
above the liquidus temperature.

In the phase diagram of Fig. 3, consider smali {(eg. 10um)
solid particle(s) in equilibnum with a large liquid volume with
composition C,, at T, If this solid, of composition C; is trans-
ported into warmer liquid it begins to melt. Disregarding
solid state diffusion (life times are brief, < 10s) the melting
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Figure 4: A ripened dendnte of NH,Cl. grown from an aqueous
solution at steady state conditions, showing how secondary arms
are necked at the roots where they join the pimary spine, but
do not detach (8. 9)

rate 15 mitially controlled by solvent diffusion into the liguid,
the rate of which nises with temperature as the composition
gradient increases. Simple diffusion expressions allow for
crude estimates of the umes for such dissolution. However,
there is a critical temperature or superheat at which the solid
will dissolve without necessary diffusion in the liquid, when
melting becomes purely heat transfer controlled. This has
been termed a “thermo-solutal” melting temperature (8) and
corresponds to the liquidus temperature where the initial
solid of composition Cs and liquid. Gy, have the same compo-
sition, see Fig. 3. Above this temperature the melting rate
increases rapidly bv some two orders of magnitude and the
survival probability effectivelv falls to zero. The locus of this
transition temperature mav be read off the phase diagram as
Ty and mav explain why 2 high pouning temperature, above
this limit, will rarelv permut the survival of any solid fragments
— this is the opposite extreme to the “big bang” scenario.

We note. that swith pre-existing crystal fragments, intro-
duced into a melt as it cools. there is no nucleation barrier,
per se, but that there will sull be recalescence as growth
begins to accelerate durnng cooling helow the liquidus
temperature. Recalescence is dominated by time (tempera-
wre) dependent growth kinetics.

2¢. Dendrite fragmentation and fluid flow

Dendrites fragment by local mebting at the base of secondary
arms, where these join the primary stalk o a dendrite, Fig. 4.
These juncoons ripidh become necked with ripening

because of local excess in solute rejection from the thickening
of primary and secondary branches. Under steady state condi-
tions (rate and gradient) these necked regions are delicately
stabilized by the local negative curvature and side arms rarely
detach (8,9). Detachment, when it occurs, takes place by local
melting at these positions, induced bv decreasing growth
and/or temperature gradients. or by a local rise in tempera-
wre. In the context of constrained columnar, dendritic
growth, the rate and gradient are alwavs decreasing more
rapidly than the corresponding adjustment of primary
dendrite spacing and this promotes detachment by interden-
dritic solute enrichment. If there is fluid flow in the mushy
region, as by thermo-solutal convection (10,11,12), detached
side arm fragments may then be ejected out into open liquid,
hence to survive or melt, subject to the ambient temperature,
¢.f. above.

Interdendritic fluid flow probably does not contribute
significantly to this fragmentation process, at least in the
context of 1 conventional casting. with/without forced
stirnng, and is important only as a transportation mechanism.
As previously noted, metallic dendrites cannot fracture, only
plastic deformation is to be expected and a simple calculation
shows that even this is improbable within expected rates of
interdendriuc fluid flow (13).

Consider, Fig. 5, a schematic side arm cylinder of length
L, and diameter d, with a narrower root diameter d,, subject
to normal fluid flow at velocity V. The force F, acting on this
cylinder is obtained by the same method as that used in the
derivation of Stoke's equation (eg. 14, 15) and is equated with
the bending moment of the section. Analysis shows that the
tensile stress increases parabolically with distance from the
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Figure 5: Schematic to calculate the bending moment on a
cvlinder of length L, diameter d and rout dameter d.. in a tluid
Howing normailv at velocity v 13).
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Figure 6: Calculated stress, G, in a dendrite side arm, as a
proportion of the yield stress, Gy, as a function of the length, L,
for three root diameters of 2.5 um, 5 wm and 10 um. Refer to
Fig. 5 (13).
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Figure 7: Configuration of billet rheocasting equipment from
Pechiney (18), showing the pattern of stirring induced by
electrromagnetic field.

far end of the dendrite side arm until the narrower root,
where the tensile stress jumps abruptly as the cross section
decreases.

In a typical casting, the main diameter might vary from
10m to 25em and root diameters from Sum to 10um, while
interdendritic flow rates will rarely exceed 10%ms'. With a
liquid viscosity of = 3.103 kg.m'!s!, the Reynolds number is
fairly small (= 0.2), so that the fluid flow is approximately
streamlined. Taking such data, with minimum estimates of
the yield stress for aluminium at the melting point, o, (16),
allows comparison of the maximum tensile stress at the root
of a side arm, G, to be expressed as a fraction of this yield
stress. In Fig. 6, are plotted 6/0y vs dendnite side arm length,
L, for vardous root radii, d;, for an assumed flow rate, V =
10%ms’!, and it is concluded that bending deflections will

nearly always be elastic and rarely reach the plastic level.
Refinements of this analysis to include the Reynolds number
(17) or with consideration of an array of side arms, rather than
asingle arm, reinforce this conclusion, namely, that interden-
dritic fluid flow is unlikely to cause plastic bending of the
crystals and therefore that the detachment of side arms is
essentially a local melting phenomenon.

3. Rheocasting

From the preceding we may consider how the situation might
be modified as a melt is vigorously stirred while it cools, using
mechanical or hydromagnetic agitation, such as in the
schematic of Fig. 7 (18). The solid fraction rises from zero at
the top of the assembly to produce a slurry at the bottom
having a solid fraction up to 0.8, the local shear rates are high
and the mean cooling rates are as high as 0.5 Ks’. The
questions arising are what changes might be expected to (a),
the nucleation kinetics and (b), the growth morphology and
possible crystal multiplication mechanisms?

It is necessary to remark, that with vigorous stirong,
especially with hydromagnetic coil configurations producing
toroidal movement, local liquid and included solid volume
elements are unlikely to cool smoothly as they pass down a
column and may well fluctuate across any given isotherm, ie.
the local cooling curve will not be smooth, Fig. 8.

3a. Nucleation

With heterogeneous grain refining additions to the melt it
seems improbable that there should be any significant change
in the substrate potency from that occurring in a relatively
quiescent melt at a constant cooling rate. The sizes of critical
embryos (eg. 10nm) will be far below the thickness of
any boundary layer around moving particles. The particles
are so smail (eg. < lum) that their velocities, relative to
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Figure 8: Schematic cooling curve, full line, which might be
expected for a volume element of liquid which is circulating tn a
temperature gradient, superimposed on that for quiescent
conditions, broken line.
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Figure 9: Microstructure of rheocast billet of AL6"Si-3% Mg,
produced i the Pechiney assembly of Fig. ™. Some semblunce of
1 dendritic grain stucture 1s evident.

surroundmg liguid will be very slow and they will be swept

along with the tiquid, so that 2 stagnant boundary Taver of

thickness comparable with thar widths might he expecred.
e far exceeding the scale of nucleaton events upon the
substrate surfaces. The probabiliny that the cooling path s
errauc. however mavatter the eventual number of nucleation
events, because there is unlikely to be any clearvidentifiable
recalescence, but rather an erratic rounding off of the cooling
curve with continuous Huctuatons i the local temperature.
as suggested i Fig 8 This could allow for more contimuous
nucleanon events. One notes that gram swes down 1o
= 30um have been recorded mosome rheocastings (20
compared to the limit of around 100um i unstirred DC
mgots. or an order of magnitude increase m the grain densie
[t 1s possible that such refinement could originate from
conunuous nucleaton in the absence of recalescence.

In a cean melt, only the containmg and or moving
surfaces are available as substrates for nucleanon, As
menuoned previoush, we do not know if i crvseal wiich
nucleates on such asurface hecomes detached as a whole, or
whether it adheres to that surface and begins to grow as very
fine dendrites which meft mto fragments, which are then
swept away into the open hquid. If this were the case, rela-
wvely few such events could act as continuous multiplication
sources for crvstal fragments, but there 1s no obvious way to
assess this possibiliey in @ quanttatve mannet.

3b. Growth with stirring

The first study of how microstructure evolves during vigorous
strring was carried out by Jolv et al. (191, m which Ph-Sn
amples were quenched i g counter morory viscometer
atrervarious nmes with increasing solid fracuons. The coolng
rates were low jeg 001 Ks''y and sothermal surnng took
carlv. these

place over long time periods fover 30 aunutesy C
sooling condittons were much slower and more sttenuared
than those prevashng i current production of biflet stock. s
81 g T butthey do provide astarong basis o discussion. As

~showcn ddehoueh the el srownin ar s wlid aenons,

Figure 10: Microstructure of the same material as of Fig. 9 after
reheating for = 30s just above the cutectic temperature pror to
thixo casting, The primary (A appears o have coarsened and
shapes have become more nearly spherical.

probably dendntic, the grams gradually loose thes geometrica
sdennny and become smoother, with farger sold fractions
than n an unsorred melt There are noidenofiable chill o
cotumnar zones, so that the structure, in convennonal werms
i~ Al equiaed”

If there s to be impingement and segregaton, with or
without plastic deformation, it would he expected while the
crvstals are still relauvely open and dendnae But grow
i~ takmg plice o vigorously stirred or sheared liquid
falthough the solid nuast be swept along with that liquidy and
no stable diffusion fields can be established o allow tor
contimued dendrite evolution = so that the smooth, rounded
shapes are to be expected, as crvstals slide past one another.
fubnicated by the liquid and making “soft” rather than “hard
contact. One nonces that individual solids do show possible
cvidence of what might be grain boundaries, suggesung tha
thev mav be polvervstalline, possibly from carlier collisions.
butat longer umes these are tess obvious and mav have been
removed by grain growth. The time periods were long i
these expeniments, as previously noted, and the nucrostruc-
tures in more rapidly produced hillet stock, using hvdromag-
nete surnng are rather different.

Fig. 9 1s from an Al-6% Si — 3% Mg rheocast billet, pro-
duced i the Pechiney equipment (18, 20) shown in Fig. ™
There are remnants of a dendniic structure, perhaps much
clearly defned at the edge of the casting, where there s a thin
{= 0.1mm) skin of a chill or columnar structure. It 15 not
possible, from a two dimensional section, to know how inter-
connected the globular shapes might be, except where 4
dendrite frame 1s evident, and even then one does notknow
i side arms are detached from primary spines. Definition of

arun’” size s not quite obvious and some onentaton studies
would be mstructive, as from electron channedling maps (21

One might suppose that tis structure, which develops withun
the order of o few minuies. is primarily a consequence
Jendnte frugmentaton as the flud s swept i @ toraida
pattern, vertieally and horzontally within the sump o1 the
moeld Plachon etal suggest thar this fragmentanon s e
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probable at the basal sides of the mould where dendritic
growth develops. From the previous discussion, c.f section
2¢, it might be concluded that the fluid flow does not actually
“break off " dendrite fragments, but is responsible for
sweeping awdy those side arms which melt off the fine
primary spines. If this were the correct interpretation, as with
natural convection in an unstirred casting, the role of fluid
flow is s a transport mechanism and it does not cause
fracture, per se. As noted, previously, metallic dendrites can
only be expected to vield elastically or plastically.

Finally, Fig. 10, it is interesting to look at the microstruc-
wure after reheatng and thixo-casting/forging. The billet stock
15 typically heated to just above the eutectic temperature,
where it is held for less than a minute, prior to injection into
the mould. The primary structure has dramatically coarsened
and the solid shapes show no trace of orientation. There are
numerous included liquid pockets. One assumes that these
are indeed, separate globular crystals, but it is puzzling that
the structure could ripen and coarsen so rapidly, unless,
perhaps, the original and finer shapes of Figs. 9 were to some
extent interconnected — i.e. it may be that during the reheat,
there is onlv spheroidization, but not significant coarsening.
Some studies of the microstructure with varied holding times
would be useful to clarifv this development.

4. Summary and conclusions
The preceding is a brief commentary on some possible
reasons for differences between conventional and rheo- or
thixo-castings. The development of this process(es) has taken
place very rapidly, often by trial and error, so that an under-
standing of the physical metallurgy involved is still intuitive, at
best. Some suggestions/conclusions might be as follows:

(a) The thermal cooling conditions for a volume element
which prevail during the production of a stirred rheocast
billet, must involve continuous fluctuations of variable
amplitude and duration. It is suggested that this could be
a factor which is as important, or perhaps more so, than
the purely mechanical consequences of the stirring.
Such temperature fluctuations might influence the
nucleation kinetics because there would be no clear
recalescence and would be expected to promote
dendrite fragmentation by local remelting.

(b) In many structures, there is a lack of experimental infor-
mation about what exactly constitutes a “grain”, in the
conventional sense. There would appear to be some
scope here for detailed orientation studies such as local
electron channelling maps might reveal.

(c) 1f there are to be auempts to model the evolution of
grain or particle size, through the rheocasting and
remelting operations, it will presently be impossible to
do 5o n a physically predictive way. Presumably all that
can be done, without a better understanding, would be
to0 fit the end results by introducing some arbitrary
“muluplication coefficient(s)", into a program.
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